Pituitary tumors are the second most common adult primary brain tumor, with a variable clinical course. Recent work has identified a number of genetic determinants of pituitary tumor subtypes, which may augment traditional histopathologic classification schemes. We sought to determine whether pituitary tumors could be stratified based on objective molecular characteristics using a clinical genomics assay. We performed a retrospective analysis of patients operated on at the Brigham and Women's Hospital from 2012 to 2016 whose pituitary tumors were profiled using multiplexed next-generation sequencing. We analyzed 127 pituitary tumors, including 114 adenomas, 5 craniopharyngiomas, and 8 tumors of other histologies. We observed recurrent BRAF V600E mutations in papillary craniopharyngiomas, CTNNB1 mutations in adamantinomatous craniopharyngiomas, and activating GNAS mutations in growth hormone-secreting adenomas. Furthermore, we validated the presence of two distinct genomic subclasses in adenomas (i.e., those with disrupted or quiet copy-number profiles) and the significant association of disruption with functional hormone status (P , 0.05). We report the clinical implementation of next-generation sequencing of pituitary tumors. We confirmed previously identified molecular subclasses for these tumors and show that routine screening as part of clinical practice is both feasible and informative. This large-scale proof-of-principle study may help to guide future institutional efforts for pituitary tumor classification as well as the incorporation of such techniques into prospective analysis as part of clinical trials. (Endocrinology 158: 2284(Endocrinology 158: -2291(Endocrinology 158: , 2017 P ituitary tumors are the second most common primary brain tumors in adults and include a spectrum of pathologies, including adenomas, craniopharyngiomas, and granular cell tumors (1). The clinical outcome of patients with pituitary adenomas, in particular, can be difficult to predict. A subset of pituitary adenomas with frequent mitoses, elevated P53 protein expression, and elevated MIB-1 proliferative indices (.3%) have been considered "atypical" due to an association with a potentially more aggressive natural history. Longitudinal follow-up suggests, however, that the presence of atypical features is not consistently predictive of recurrence and
poorer outcome (2, 3) . New methods of stratifying the behavior of pituitary tumors are therefore needed.
The genomic profile of neoplasms is increasingly recognized as a valuable molecular adjunct in facilitating diagnosis, management, and prognostication (4) (5) (6) . Without atypical status as a molecular marker to help distinguish adenomas, alternative classification schemes are needed to help guide clinical decision making and accurately stratify patients. Recently, several studies have begun to decode the genomic profile of pituitary tumors and other tumors of the sellar region (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Notably, these efforts have identified targetable mutations such as BRAF V600E in papillary craniopharyngiomas as well as potential molecular classification strategies based on genomic disruption in pituitary adenomas (7, 10, 17) .
We sought to examine the genomic profile of a large cohort of pituitary and sellar region tumors from a contemporary consecutive clinical series to determine the ability of a clinically based sequencing assay to differentiate tumor subtypes and to provide the framework for a molecular genetic classification scheme.
Materials and Methods

Sample cohort
All patients with pituitary tumors resected at Brigham and Women's Hospital who consented to have their tumors profiled were eligible for the study. Informed consent was obtained from all patients included in this study. Patients without sufficient available tissue for extraction of high-quality DNA were excluded. A total of 127 cases of pituitary tumors resected from 2012 to 2016 in the Department of Neurosurgery, Brigham and Women's Hospital, underwent genotyping within the Brigham and Women's Hospital Center for Advanced Molecular Diagnostics, a Clinical Laboratory Improvement Amendments-certified laboratory environment. All samples underwent central neuropathology review using World Health Organization criteria (18) . Null cell and clinically silent gonadotroph (follicle-stimulating hormone/luteinizing hormoneexpressing) tumors were considered nonfunctional adenomas; somatotroph [growth hormone (GH)-expressing], corticotroph [adrenocorticotropic hormone (ACTH)-expressing], and galactroph (prolactin-expressing) adenomas were considered clinically functional. Clinical and imaging data were retrospectively gathered. The designation of typical or atypical status was derived from the pathology reports. The study was conducted after approval from the Dana-Farber/Brigham and Women's Cancer Center Institutional Review Board.
Genomic analysis
A total of 127 patients with pituitary tumors underwent somatic mutation profiling of 300 canonical cancer-associated genes and 30 intronic regions as part of the Dana-Farber/ Brigham and Women's Cancer Center PROFILE clinical research study (OncoPanel v1 and v2) (19) . DNA was isolated from 5-mm formalin-fixed, paraffin-embedded sections (n = 5 to 10) containing at least 50% tumor nuclei. Copy-number analysis was performed using one of two internally developed algorithms (19) . Both algorithms, VisCapCancer and RobustCNV, calculate copy number using a normalized read depth of coverage against a panel of normal (noncancer) samples. VisCapCancer compares the tumor sample coverage to a median value from the panel of normal samples. Circular binary segmentation is used to segment the data, and segments are determined via strict thresholding. The algorithm is configurable for different tumor fractions. RobustCNV performs a robust linear regression against the panel of normal samples to calculate copy ratios. Circular binary segmentation is again used to segment the data, and event identification is performed based on the observed variance of the data points. Estimated copy number was calculated using the following published formula: CR = (TC/2) 3 P + (2/2)(1 2 P), where CR is the median copy ratio for all intervals in a gene, TC is the number of copies in the tumor sample, and P is purity (20) .
Coverage plots of sequence reads were individually inspected for all samples by two independent reviewers to confirm chromosome-level copy-number variations. Chromosomal gain or loss was defined by a 0.5 or greater log-fold change. Samples with more than two chromosome arm-level gains or losses were scored as disrupted. Rearrangements were called using BreakMer (21) . Gene clusters were identified using GeNets (https:// apps.broadinstitute.org/genets).
Immunohistochemistry for b-catenin
We performed immunohistochemical studies on 5-mm-thick sections of formalin-fixed, paraffin-embedded tissues using an antibody that recognizes b-catenin (catalog no. 610154, mousemonoclonal, clone: 14, 1:1000 dilution; BD Pharmigen). We performed antigen retrieval using a pressure cooker with citrate buffer (pH 6.0). Primary antibody was applied for 45 minutes followed by Dako anti-mouse horseradish peroxidase for 30 minutes at room temperature. We generated semiquantitative estimates of the percentage of pituitary tumor cells with nuclear and membranous for each case.
Statistical analysis
All statistical analyses were performed using the R software package (http://www.r-project.org/). Differences in incidence between populations were assessed using Fisher exact test. Differences in means were assessed using a t test or Wilcoxon rank-sum test. A P value of ,0.05 was considered significant.
Results
Study cohort
We used next-generation sequencing of a panel of 300 cancer-related genes (Oncopanel) to characterize tumor specimens from the pituitary region from 127 patients (62 men, 65 women). The cohort included 114 pituitary adenomas, 5 craniopharyngiomas, and 8 tumors of other pathologies (spindle cell oncocytoma, pituicytoma, glioneuronal tumor, metastasis, plasma cell neoplasma, pituitary carcinoma, Rathke's cleft cyst) ( Table 1) . Tumor samples were composed of 71% neoplastic cells on average (range, 25% to 95%). A median of 12,240,000 reads (range, 315,200 to 28,020,000) were sequenced per tumor.
Of the 127 samples, 121 (95%) were interpreted to harbor DNA variants in at least one of the assayed genes. 
Recurrent mutations in pituitary adenomas
We observed mutations in 196 of the 300 (65%) genes analyzed by OncoPanel among the 114 pituitary adenomas in our cohort (Supplemental Table 1 ). There was an average of 4 mutations (range, 0 to 13) detected per patient. We observed 29 genes that were mutated in at least four patients [ Fig. 1(c) ]. These recurrently mutated genes were members of three main pathways: cell cycle regulation, growth, or differentiation; chromatin modification and transcriptional regulation; or DNA damage response. We observed an additional 22 genes that were mutated three times each across the cohort; these genes were largely members of the same pathways [ Fig. 1(d) ].
Of the top eight most frequently altered genes in our cohort, four were members of the DNA damage response pathway. Germline and somatic DNA damage response pathway mutations have been implicated across a wide range of tumors and, in our cohort, included PRKDC, BRCA1, BRCA2, ATM, and FANCA mutations. The second most commonly altered class of genes was cellcycle pathway members, including PIK3CA, NOTCH1/2, and GLI1/2/3. We also identified frequent mutations in chromatin modifiers, including ARID1A, ARID1B, ASXL1, BRD4, and CREBBP, and recurrent alterations in TLR4, affecting T-cell signaling and immune response, in four adenomas.
Nine genes harbored recurrent mutations affecting the same amino acid, or "hotspots," among adenomas in our cohort (Supplemental Table 2 ). In particular, we observed previously validated oncogenic alterations in in GNAS (GNAS R201C and GNAS Q227L ) in 6 of 21 (29%) GH-expressing adenomas and in none of the adenomas of other pathologies (P = 2 3 10 25 ), consistent with previous literature demonstrating enrichment in tumors from patients with acromegaly (12) . Three other GNAS mutations were observed across the cohort; however, these specific mutations have not been previously observed in cancer or pituitary adenomas. Other genes mutated in a subtype-specific manner included ASXL1 and NTRK1, which were exclusively altered in null cell adenomas (n = 4 each), and NOTCH2, which was mutated only in functional adenomas (n = 6), but these were not significantly enriched (q = 0.45). A number of genes have been identified that play a role in familial or inherited adenoma syndromes. We observed four mutations in MEN1 and two mutations each in MLL and MLL2. Germline alterations in MEN1 on chromosome 11, leading to loss of Menin, have been implicated in multiple endocrine neoplasia 1 (MEN1), as well as a number of sporadic pituitary adenomas (22, 23) . Interestingly, one of the patients with an MEN1 mutation also had focal deletion of the wild-type copy of MEN1, suggesting that biallelic activation may be driving this tumor. In addition, the familial endocrine syndromes Carney complex and MEN4 are attributed to mutations in PRKAR1A, which we did not observe, and CDKN1B, of which we observed one alteration. Other genes responsible for familial adenoma syndromes, including AIP, GPR101, and USP8, were not assessed by the assay in this study.
Recent analysis of pituitary adenomas using wholeexome sequencing indicated that there was unlikely to be any single gene mutated in .15% of all adenomas (10, 13) . The finding here of sporadic mutations at relatively low prevalence (,10% of the cohort for any specific gene) is in line with these observations and suggests that pituitary tumorigenesis may occur via different mechanisms across different histologic and hormonal subtypes.
Genomic alterations in nonadenomatous sellar tumors
Among the five craniopharyngiomas in the cohort, both papillary craniopharyngiomas harbored the known oncogenic BRAF V600E mutation, and two out of three adamantinomatous craniopharyngiomas harbored mutations in the b-catenin gene CTNNB1, consistent with prior reports (7, 24) . One adamantinomatous craniopharyngioma also contained a BRAF rearrangement involving a breakpoint at intron 12 of BRAF on chromosome 8 to a ribosomal RNA region on chromosome 7. One case of a metastasis from a renal primary had classic mismatch repair mutations in both MSH2 and MSH6. Mutations in this pathway often lead to tumors with elevated mutational burdens; this sample had the highest number of mutations of all samples in our cohort. We also detected a TP53 mutation in a plasma cell neoplasm, which had been previously reported to be oncogenic (COSMIC ID COSM43952). Furthermore, a case of a spindle cell oncocytoma harbored a mutation in HRAS in both the primary tumor and its recurrence, with associated immunohistochemical alterations in mitogen-activated protein kinase pathway signaling (11) .
Pituitary tumors demonstrate variability in copy-number profiles
We recently reported the results of whole exome sequencing of 42 pituitary adenomas (10) . We identified losses of chromosomes 1 and 11 as the most common genomic alteration and found that overall levels of chromosomal disruption correlated with functional subtype.
We expanded the analysis of genomic disruption and pituitary tumor subtypes in the current study [ Fig. 2(a) ]. We classified each sample as either genomically disrupted [ Fig. 2(b) ] or quiet [ Fig. 2(c) ] based on the level of chromosomal copy-number alterations. Among 114 adenomas in our cohort, we detected a significant association between disrupted subtype and clinical hormone status (P = 0.01) [ Fig. 2(d) ]. Chromosome 1 loss was the most common genomic alteration in our cohort (10%) and was likewise associated with disrupted status (P = 0.02) [ Fig.  2(e) ]. We did not detect an association between disrupted subtype and atypical histopathology, MIB-1 proliferative index, or recurrent status [ Fig. 2(f-h) ].
Among nonadenomatous pituitary tumors, two pituicytomas had relatively quiet genomes, whereas a pituitary carcinoma and a sellar metastasis were markedly disrupted.
A number of studies have demonstrated a correlation between chromosomal instability and tumor aggressiveness (25) (26) (27) (28) . Our data suggest that a similar relationship may exist for pituitary tumors; although a relatively sparse number of samples was available within each of these pathologies, their genomic profiles are consistent with their overall clinical course. Further work will be needed to determine whether pituitary tumors with increased chromosomal instability are associated with poor clinical outcomes.
GNAS mutations do not activate canonical Wnt signaling in GH-secreting adenomas
Although GNAS mutations have been reported in approximately 30% of GH-secreting adenomas, the oncogenic drivers in those tumors without GNAS mutations have yet to be elucidated. We observed frequent gain of chromosome 20q, the arm containing GNAS, in GH-secreting adenomas. This gain nearly always occurred in tumors lacking a GNAS mutation. We hypothesized that these copy-number alterations could be serving as an alternative mechanism of activation in GNAS wild-type GH adenomas.
To determine the functional effects of this amplification, we examined 16 GH adenomas in our cohort (1) without 20q alterations but with GNAS mutations (n = 6), (2) with 20q gain and without GNAS mutations (n = 4), or (3) without either 20q gain or GNAS mutation (n = 6). We performed immunohistochemical staining of b-catenin, a canonical downstream marker of Wnt pathway activation, which has been shown to be triggered by mutant GNAS. Interestingly, neither GNAS mutated nor 20q amplified adenomas expressed nuclear b-catenin [ Fig. 2(i) ].
This finding suggests that GNAS alterations in GH adenomas are not activating canonical Wnt pathway signaling. Rather, GNAS mutations may be exerting a mitogenic influence through alternative mechanisms, such as cAMP activation or noncanonical Wnt pathways. Further work will be required to determine the precise relationship between GNAS mutation, downstream pathway activation, and proliferative advantage.
Discussion
Recent insights into the genomic characterization of pituitary adenomas and craniopharyngiomas highlight the potential for a formal molecular stratification of these tumors (7, 10) . Previous studies investigating the genomic profile of pituitary tumors were influenced by sample selection and hence may not reflect the clinical spectrum of adenomas. We present a large chronological clinical series of pituitary tumors with genomic profiling and demonstrate the feasibility of routine clinical genomic profiling in these patients.
Molecular profiling has shown a striking ability to predict both patient response to therapy and treatmentnaive survival across a number of cancers (29) (30) (31) . The identification of subtype-specific mutations illustrates the potential to molecularly categorize pituitary tumors, with GNAS mutations exclusively appearing in GH adenomas, USP8 mutations defining a subset of ACTH adenomas, BRAF V600E mutations characterizing papillary craniopharyngiomas, and CTNNB1 mutations defining adamantinomatous craniopharyngiomas (9, 12) . Moreover, we recently demonstrated that two classes of pituitary adenomas emerge based on their copy-number profile. One class had widespread genomic disruption with high rates of chromosome arm-level copy-number alterations, whereas the other class exhibited somatic copy-number alterations involving ,6% of the genome. Levels of genomic disruption correlated with tumor pathology: 75% of the disrupted subclass were functional adenomas or atypical null-cell adenomas, compared with only 13% of the less-disrupted groups (10) . The routine incorporation of tumor sequencing efforts into clinical practice will be necessary to refine the relationship between genomic signature, traditional histopathology, and clinical outcomes. We demonstrate the implementation of such an approach. We confirmed the exclusivity of GNAS R201C mutations in GH-secreting adenomas and identified a number of additional mutations. We found that genes in the DNAdamage response pathway, cell cycle, and chromatin modifier families were frequently altered. These alterations may represent somatic drivers, germline susceptibility alterations, or passenger events during tumorigenesis. We also showed the ability of this clinical sequencing assay to provide copy-number alteration data and validated the enrichment of disrupted copy-number profiles in functional tumors. We further validated the association between chromosomal disruption and hormone-secreting status (functional vs nonfunctional) of adenomas in our clinical cohort. Interestingly, this relationship demonstrated incomplete penetrance, as only half of all functional adenomas displayed a disrupted genome, whereas 80% (4/5) of silent ACTH adenomas exhibited significant genomic disruption. Copy-number alterations did not associate with the atypical or recurrence status of the adenomas in our cohort. Longer follow-up periods may reveal whether such a genomic signature provides an objective measure of clinical outcome to better aid current histopathologic classification schemes.
To our knowledge, we performed the first large-scale clinical sequencing effort of pituitary region tumors and successfully identified previously published genomic determinants. Prompt real-time analysis of genetic alterations in pathologic specimens can lend insight into clinically actionable molecular targets for pituitary tumors, such as the BRAF mutation in craniopharyngiomas. Moreover, the ability to accurately identify critical molecular signatures associated with tumor type and clinical outcome may provide sharper insight into predicted tumor behavior and expand therapeutic options in recurrent or treatment refractory cases. Future studies in larger cohorts of patients will be needed to determine the potential role of the novel mutations observed in this study. Furthermore, because the clinical assay that was used to characterize samples was designed for the assessment of a broad range of solid tumors, a number of genes that are relevant to pituitary biology are not covered. As such, further work with a more tailored assay, along with matched normal samples, will likely be of benefit to more systematically investigate possible driver alterations.
